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ABSTRACT

Limitations for the energy dissipa£ed in the spontaneous fission oI
zsch have been studied on the basis of the experimental fragmeant kinetlc .-
energies, neutron and y data and the calculated (static) potential enerzies of
-the fragments. Upper bounds for the dissipated energy are obtained by restricting
the parameter space of the fissioning sysfem to the domain which 1is compatible
with the experimental posi-scission data, and by ;omputing the maximum 2nergy
available in this domain for dissipation. No assumptions have been madz
aﬁopt the fisston dynamics or the dissipation mechanism. A numerical esalu-
a:ion has been performed for 19 pairs of fragments 1inm 232Cf(sf), taking into
azcount spheroidal fragment shapes with 51ffuse surface, nuclear interaction
and Coulomb excitation effects. The energy availabie for imtermal excikation
at scission 1s found to be small (< 10 MeV). An analysis cf the uncertainties
eatering into this result shows that hiéh dissipation in 252Cf(sf) is incompatible
with the existing experimental data unless peculiar frzgment shapes .

are agsumed. Upper bounds are also given for the fragment deformations. We

2

discuss the hypothesis of minimum pctential energy at scission, the influence

of fragment shell effects, and the relevance of data from ternary fission. ’ .

KEYWORD ABSTRACT

RADIOACTIVITY, FISSION 25Zcf(sf);calculated energy dissipation, fragment

deformation.

NOTICE

This sepcrt was prepared as an account of work
sponsored by the United States Government. Neithes the
United States nor the United States Department of
Energy, nor any of iheir employees, nor any of their

b or their employees, makes
any warraaty, express or implied, or assumes any legal
liability o1 responsibility fcr the Y, P
or usefulnzss of any inf i P product or
process disclosed, or reprecents that its use would not
infringe privately owned rigats.

RN

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITE,




1. INTRODUCTION

The problem of energy dissipation 1s crucial for the conventional.treat—
ment of fission in heavy nuclei. Apart from few excéptions (e.g., H1lI and
Vheelerl), the time evolution of the system 1s studied as a function of a
c¢mall number of parameters, that account for the few "important" collective
cegrees of freedom.. This treatment corresponds to the experimental situation,
s only certain collective properties of the compound nucleus a;d its irag-
ments are accessible to measurements. As the conservation of energy dces not
epply to such a reasonable, buc arbitrary, selaction of degrees of freedom,
the problem of energy dissipation into the other (intrinsic) degrees ol free-
com must be overcome.

Contradictory assuoptions have been made earlier abou: this cruciai effect
ranging from zex‘o-dissipationl-5 to almost complete damping.6 In particular
the contribution of one-body and two-body effects to the dissipation mechanism
is conttoversial.7-13 Ontil today tke strengcﬂ of the dissipation and the
magnitude of the internal exci:tation energy resulting from it are stil’ unknown.

A number of estimates has been given for the internal exci:ation energ= in

certain fission reactioms. They are based on experimental information.7'1a_20
on hydrodynamical calculations with edjustable viscosity,7—10 on particular
13,21-23 13,24,25

nicroscopic models, or on combinations of several approaches.
The estimated internal excitation energies derived from tha2oretical models
generally are very large (some are even larger than the available energy at
scigsion). The estimates based on experimental data usually yield smaller

values. Some of them, however, neglect certain types of excitation or mzke

use of crude approximations for the nuclear shape or ‘the potential ene:-gy.

»

T
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It is the aim of the present paper to determine energy dissipation limi-
tations in the spontaneous f£ission of 252Cf. In order to arrive at as firm
a determination as possible we rely only on quantities which are known with

relatively high accuracy, namely the calculated fragment deformation energies,

the Coulomb and nuclear interaction energies between them, and experimental

'post-scission data. In partiuclar we avoid any models or assumptions for the

dynamics of the nuclear motion or the mechanism of dissipation in fission.
This is achieved by numerically scanning the space of deformation parameters
of each pair of fragments at a given fragment separation. At eacﬁ stép we
determine'(uiﬁhin certain bounds) the-kinetic and excitation energies the
fragments would have at infinlte separation, and compare these values with the
corresponding experimental data. Then the ma*imum energy available for dis-
sipation and collective vibration 1s numerically searched for under the con-
straint that the nuclear deformation be compatible with ;;e experimental
post-scission data.

. The method of the present paper differs from our previous es;:imatel8 in
the assumpgion of diffuse nuclear surfaces. This requires to abandon the concept
of a scission "point" (with a discontinuous break-up of a sharp-surface drop-
let into fragments with square-well density distributions). Instead, a
sequence of fragment separations with decreasing neck density 1s considered
(cf. Sect. III). In addition, the nuclear interaction energy between the
fragments 1s now taken into account. The post-scission Coulomb excitation is
no longer.assumed to be small. It is treated as a variational parameter
that may assume arbitrary values (up to the experimental fragment excitation
energy). Furthermore we have abandaned our previous restriction that the

upper bound of the dissipated (plus mon-translational collective) energy be
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a constant fraction of the meagured fragment excitation energy, indepencent of
tte mass asvmmetry of the fragmentation. ‘The new results show that this
assumption =8 in fact not well fulfilled, the resulting dissipation bourd,
however, 13 of the same order.

In Subsect. II.A several Limitirg conditions are derived for fragment
deformations and energy dissipation ir. fission. These are valid for arbitrary
nuclear deformations. The limitations are evaluated assumiag spheroidat frag-
ments (as.dascribed in Subsect. II.B) for the spontareous flssion of 2SBCE
where parti:ularly accurate experimental data are available (Sudbsect. I[.C).
The relaxatlon of the assumpzians of Ref. 18 and a thorough examination: of
the accurzcy of the results (Subsect. IIL.B) leads to a number of new findings
concerning the fragment shapes (Subseczt. III.C) the minimum potential emergy
hypothesis {Subsect. III.D) anc¢ the relevancy of ternary fission data for
binary fiesfon results (Subsect. III,E). The conclusions ecre summarized in

Sect. IV.-

II. METHOD
The pethod described in the following subsection does not require any
ggsumptiom mbcut the shepe of the fissioning nucleus or about the functoional

form of 1:¢ potential energy. Therefore, the relations of Subsect. II.A are

cerived for an arbitrary set oI shape parameters a. For the numerical evaluation

25

of 2Cf(sf), however, we meke use of the conventional spheroidal apprexima-

tion for the fragment shapes. This 1s described in Subsec:. IL.B.

A. Energy Available for Dissipation
We ooasider the spontaneous fission of the parent nucleus (ZO,AO) into

two fragmeats with gilven mass and charge numbers (Z“Al) and (ZZ’A°)' The

6
energy release of that reaction experimentally shows up as fragment kinetic
kin
gnergy Eexpc(zl’Al'ZZ'AZ)' reutron and y-ray energies. On the other hand,
the energy release is equal to the difference of the ground-state potential
energy V of the parent nucleus and that of the fragments (if we neglect the

small change in zero-point energy), i.e.,

2 2
gst gst * kin

V(Z,,A - z,,A -

(Zgrhgeeg ) 121 VZioAe™) 151 Eexpt (21081) * Eoxpe (B1o8y:2949) -

(2.1)
Here Bgs Q15 and a, denote arbitrary sets of deformation parameéers of thg
parent nucleus (1=0) and the fragments (1=1,2). The superscript gst refers
to the gound-state deformation. The total energy of neutron and y-quanta
emitted frem fragment (i) is denoted by E:xpt(zi’Ai)' From the experimental
quantities E:xpt and EZi:t only the mean values for each fragmentation enter
into the evaluation (cf. Subsect. IT.C). A possibly ambiguous division of the
exﬁerimental excitation energy between heavy and light fragments (e.g., due

to scission neutrons) does not affect the present analysis as will be dis-

cussed below,

Any excitation during the descent from saddle to scission is either col-
lective (related to changes in thé collective coordinates 00) or internal
(related to other degrees of freedom). At scission they result in translational

collective energy E (corresponding to non-zero relative velocity between

trans

the centers of mass of both fragments) and other (vibrational or rotational)
collective or internal excitation energy X. The total amount of excitation

energy Etrans + X at a certain deformation ao equals the decrease in poten-

tial energy relative to the ground state of the parent nucleus, i.e.,

- gst
X+ Etrans v(ZO’AO"}KO

It is convenient to define the in:teraction energy Vint (due to Coulomb

) - V(Zo,Ao,uo). » (2.2)

and nuclear forces) betweer: two arbitrary parts (i=1,2) of the system as

2
Vine Z1rAZy8yh00.a,,a) = V(Zo,A a0 _151 V(Z A 0). 2.3

It follows then from Egs. (2.1) - (2.3) that
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out that the dependence of xmax on the parameter § and on the distribution of
2
*
p = y 8st , =
x#—Etrans 1ZI[Eexpt(Zi,Ai)+V(zi,A1,o1 ) -\(zi,Ai,ai)] . X = X(H) + X(L) between heavy and light fragment is very weak. In practice
* *
the values of Xmax obtained for § = 0 and X(H)/X(L) = Bexpt(H)/Eexpt(L) were
-V nt(Z Al ZZ'AZ c‘()'(’1"‘2)"'E 1’ 2’A2)' (2.4) found to approximate the general result with sufficient accuracy.
The final Eragment kinetic energy Eeipt is almost equal to the sum of ' From Eq. (2.6) also follows that
re-scission kinetic ener E d the int i t - 2 2 *
P BY crams an e interaction energy Vint at scis Z V(Z,,A,,a,) < Z (E A )d—V(Z ,A gsc)]‘ 2.9)
. C el b Rl S § 41 expt i

sion. It may be reduced dy a certain amount § (e.g., due to post-scission

Coulomb excitatfon in the strongly non-central Coulomb field of the deformed The inequality (2.9) will be used in Subsect. III.C in order to obtain upper

fragments). Therefore, : : limits for the fragment deformations.

kin Figure 1 illustrates the method for a one-dimensional parameter space

= -6 o,
wpt LA 22080 = Brang FVinc (181020 R90%00 10%) (-3
(e.g., symmetric fission with spheroidal fragment deformation a, = a =.8.

1 2
ard, according to Eq. (2.4)

Here § = 0 and zero nuclear interaction is assumed for simplicity. The Coulomb
gst _ _ . '
iillE A )i—V(Zi Fi 1 ) V(Z A '° )] 8. (2.6) repulsion, vint' between the fragments is a decreasing function of 8. There-
fore, the constraint (2.7) is fulfilled only 1if B 2 in Fig. 1lb. Under
Equations (2.5) and (2.6) are coupled, because Vint and V(Zi,Ai.ai' ’ constraint ( ) u niy 8 Bmin n 8

this constraint the deformation ener of Fig. la has winjimum at 8 = 8
are (numerically) given functioas of the same sets of variadles, oy and ay. In 4 8 a oin

: , and the maximum energy available for (rotational, vibrational and internal)
order to determine an upper bound for both the dissipated energy and the non- 8y ’

excitation is given by X . In Fig. la the upper limit 8 of the fragment
translational collective excitation erergy, we eliminate thz unknown quantity max max

’ : deformation is also given as required by inequalit 2.9). In the general case
Etrans in Eq. (2.5) by introducing the inequality 8 q 4 9 v ( &
kin

of as tric fission (with 1 interacti d's 0) the computation
ot 1AL Zp0A) 2V, (20 1A),2,,8),80,00,0,) - 8 @.7n yome ssion ( nuclear on end 5 ¢ 0) ™

is complicated because at least two interdependent parameters Bmin(l) and

and treat § as a numerical parameter
2 Buin(2) replace the single vaiue By, 80d the functions V(8) and V, (B) may

*
Dsés | Erne (Zy08y)- (2.8)
i{=1 Xp not be monotonic in the constrained parameter space.

Then for each fragment pair (Zl,Al)and (ZZ‘AZ) an upper bound X can

be determined by maximizing the right-hand side of Eq. (2.6) under the zon- B. Potential Energy

: *
_ gst e
s=raints (2.7) and (2.8). Since Eexpt(Zi,Ai) and V(Zi,Ai,gl ) are constznts For the evaluation of Eqs. (2.6) - (2.9) we parametrize the shape of

this amounts to numerically searching for the constraint miaimum of V(Zl’Al’ul) + the fissioning nucleus by two coaxial spheroids. Such a spheroidal parametriza-

ViZ,:A),0,) +§ as a function of che sets of deformation parameters a) axd a, tion has often been used for the potential energy at scission and after scis=
‘ol the fragmenzs and an additional parameter §. This has been performed for 2,3,18,26-36

252

sion. As only energy differences between such configurations
Cf(sf) making use of the shape parametrization, potential energy and enter into our calculation the spheroidal approximation should be sufficient.

experimental data, that sre described in the fcllowing subsections. It turned ' Higher 8X18121'37_39 or non—axial35 deformations could in principle be included,
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but this would require much more computer time. Moreover, the spheroical
approximation enables the study of 1nhomogene%ties in the charge and mass
distributions at the nuclear surface, because the effect of the diffuse sur-
Eace on the energy can be treated by corrections with high a;curacy.

We consider for the radial fragment denmsity a Ferwi distribution with
constant surface thickness. Then the shape of the nucleus. is specifiel by
the distance d between the gquivalegt sharp density surfaces of the fragments,

and the Bohr-Motcelson39 paraceters Bi (1=1,2) for the fraghent deformations.

The semi-axes x40 Yy and z; are then given by
1,5,.1/2
x =y, = BBLADI - 5 %)) (2.10)
. 5.1/2
zy . E(Bi'Ai)[l + (bn’ 81] (2.11)
‘where
o AL/3, 15 2 1 .5.3/2,3.-1,3
R(ByAY) = x Ay TIL - qorBy *+ 5 Gr) 7 T 8y) (2.12)
is the volume conservation condition if
EA
A, = A (2.13)
=t -0

for each fragment pair. The liquid-drop radius parameter r. is given below.

The potential energy V consists of the liquid-drop (LDM) and shell energy
of each fragment, and a nuclear interaction (NI) and Coulomb repulsioa (CR)
energy between them:

v
1

2
. v(zl’ZZ’Al’AZ’Bl’Bz’d) = é

(2 o @poAB) +Vgpa1; (2408408,

Her(Z11290A1087081,850d) + (Z504,4,58.8,,d)

(2.14)

. 40,41
The liquid-drop energy- V is calculated after Myers and Swiatecki 0,

LDM

- with explicit expressions for the area of the equivalent sharp density surface

/!

10
42
|S| and for the Coulomb energy =~ of the (homogeneous) charge Ze, 1i.e.,
' 22 - 2.1/3 ’
- _ . (N-z.2 s| 3 2% (1-¢7) l+e
Vipu(2:4:8) = 2, (1 -« 75 P2 o T an e mTe Vs
ﬂrc rcA
(2.15)
where
z2 vz -x2 :
|s] = 2ax[x + are sin ——1} . (2.16) -
Jzz x2 z .
and
el=1-wn?  @>w » 2.17) .

are functions of the semi-axes x and z.” The parameters a,y, x, and rc are
given below. The inhomogenelity of the charge distribution at the surface can
be taken into account by a correctionbo V_ . which is independent of shape in

cs
40,43 ) ’
Here, it need not be considered explicitly because it can-

high order.
cels in Eq. (2.6). The influence of the diffuse fragment surfaces on the
nucléar interaction is treated in Eq. (2.27).

The shell correction-vshell is taken to be that of Myers and Swiatecki.
We prefer this over Strutinsky-type shell corrections for several reasons.
First, its uncomplicated functional form enables the rapid computation of
a large number of fragment deformations, which is necessary for the minimiza-
tion procedure for Eq. (2.6). Second, it turns out that secondary minima of
the fragments (at Bi > BESt)‘have almost no influence on the results (cf. Sect.
I1I). Third, thé Myers-Swiatecki shell energy is expected to describe the poten-
tial energy of fragments far off the line of B-stability with sufficient
accuracy, as it accounts well for the binding energies and quadrupole moments

of a large number of nuclei throughout the periodic table. A comparison with

other shell corrections will be given in Sect. III.

40,41
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. 40.41 As has been pointed out in Ref. 45, the effect of the diffuse surface on the
The shell correction of Myers and Swiatecki °* reads

Coulomb repulsion between the fragments is contained in the term V.

. NL*
F(4) + B .
vshell(z’A'e) Cl ' g;g) - CA1/3](1—262)exp(-92) 22.18) For the nuclear interaction erergy we have taken that of Krappe and
(af2) . . .
. N:Lxl‘6 (slightly modified by introducing the mean radii of curvature r, of the
vhere 5/3 543 ) . . i
Flm) = 3 Mi -Mi-—l (w-M _ §(m5/3' 5/3) “2.19) ' equivalent sharp density surfaces at the tips of the spheroidal fragments),
5 -M 1-1° 7 5 -1
: 0 0 2
and Mi and Mi-l denote :the nearest (spherical) magic numbetsbo VNI(Z 1’ AZ'BI BZ’d) - “aO/rO) 2 [1 x ( !
M Sm< M., ' {2.20) . r,+tr,+d r.+r,+d
1-1 . * . 2 .-
" 1,40, 44 B(x)/2)8(rylag) exp(- — 2oy 2™
For spheroids 6 in Eq. (2.18) is related to the Hill-Wheeler parameter ' ' . (v 0 .
: (2.27)
¢ by :
1/3.21 2 !
(r A /3) Tt -20) with
2 [ 5 7 .
3% = 3 , (2.21) : 3 2
a . r, = r:cAi/z1 . (2.28)
and to th mi-axis =
o the major semi-axis = by and
e ln(t 1/3) . (2.22) g{x) = x cosh x-sinh x. (2.29)
c
The patameters C, ¢, a and r_ are glven belou. ’ For comparison, we have alsc used the nuclear interaction energy of 335?47
48, 49
The Coulomb repulsion between the two frezgments is calculated according . {with a Woods-Saxon form factor constant of 0.7 fm ); 1t turmed out chat .
- 2 i ‘ our results are not very sensitive to the particular form of V. (cf. Sect. III).
2o Nix 2 . NI
Z2.2,e .
. The
v R(Zl' Z2’A1'A2’81'Bz'd) o172 d[s(x Y+ 1+S(A1,A2)] (2.23). - .. Ten parameters enter into the calculation of the potential energy
liquid~drop energy vLDM containsg the parameter541
1 .
vich 2 2 . a, = 17.9439 MeV (2.30a)
2 HTY 2
Ay ® 2 2.24) < = 1.7826 (2.30b)
(zl +z,+d) .
and ’ L 1,2249 fm. (2.30c)
. . : 41
SGh A = vf E (24+2K)! AZJ AZR (2.25) The parameters of the shell correction vshell are
k] -
1’72 451 k=1 (2j+1)(2j+3) (2k+1) (2k+3) (21)1(2k)! "1 “2 . C= 5.8 MeV : . (2.31a)
and | ‘ ¢ = 0.325 (2.31b)
1+x
3L 431 : . ‘ 2.31c
S(Ai) 4(21 ) tn ———— i A 2 —2. (2.26) a.= 0.444 r.. ( )

The‘ nuclear interaction energy VNI depends on four p‘arameters
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T, = 1.16 fm (2.32a)
8y = 1.4 fo ‘ (2.32b)
a, = 24.7 Mev 4 @320
k_ = 4.0. o @.32d)

Even 1if the physical weaning of some of the parameters (2.32) ¢oinczides with
(2.30), the fit values (Z.32) have been taken without changes from Ref. 46.

Although V.. is only of winor importance for our results, the influence of

NI
£ll ten parameters on the results has been checked, and wiZl be discussed

in Sect. III,

C. - Zxperimental Data
The evaluation of Eqs. (2.6) - (2.9) requires the following input data:
the yield and charge assignment of each mass split, the experimental f-agment
excitation energies (from neutron and vy emission data), ani the measured
wean kinetic energieé per fragment pair.
For the mass yields Y we have taken the pre-neutron emnission data. of

Schmitt, et al.,so and for comparison, the.earlier data measured by Nhatstone.51

520f have been taken from Schmitt‘s:table28

The fission modes (Ni,zi) of 2
of energetically-favored doubly even fission modes. We take these fission
‘nodes even for the high yield mass splits, where experimental mean fragment
charges are known, because the discrepancies are small,28 and additiomal pair-
ing corrections for the non-irteger experimental. mean values can be avoided.
For the most asymmetric fragment palrs (A1 = 90, 92) no charge values .are
-glven by Schmitt. Here the charge assignment was made after the Myers-Swiatecki

mass formula.ao (It leads to the same fission mode328 as the Wing-Forg mass

formula52 used by Schmitt.)

e -

14
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The experimental fragmen: excitation energy Eex‘pt has been determined

according to the relation
x - - -

Eexpt(AF) = (B+n+0.75 Mev)v(AF)+2 MeV (2.33)
given by Nifenecker, et al.17 Here v denotes the measured number -of neutrons

per fragment, and B and n the average binding and center-of-mass energy per

17,53

neutron. The other terms account for the energy of the y quanta: The

quantity B + n + 0.75 MeV is given in Ref. 17. For the neutron number G(Aé)

we have used the meagurements of the Saclay group17'54'55

and, for comparison,
those of Gavron .and Fraenkel.s6 For the most symmetric mass splits (AH = 126,
128, 130) there is a considerable discrepancy between the values resulting from
Eq. 62.33) and those followir;g from the Q-valué40 and the fragment kinetic

energy.so This has been corrected for. In order to test the accuracy of the
results we have also used the excitation energies given by Bowman, et al.,57'58
which are independent of Eq. (2.33).

The experimental kinetic energies per fragment pair E:i;c are taken from
Fig. 10 of Schmitt, et al.so They are adjusted such that the mean value
186.5 MeV of Ref. 50 is reproduced. In order to estimate the uncertainties
entéring into our calculation from these data, we have also used values of

Whetstone51 (with a mean value of 185.7 MeV). A discussion of these

errors is given in the following section.

III. RESULTS
A. Excitation Energy
The concept of a scission "point” or "line" in the parameter space is
defined only within the sharp-surface liquid-drop model with disconginuous

break-up of the droplet inta two fragments. Actually the nuclear surface has
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a certain diffuseness and scission is assoclated with the formation of a neck
‘with increasing length and decreasing density. Therefore. in the present paper
we do not rely on the scission-point concept but study the continuous separa-
tion of the fragments ty evaluating Eqs. (2.6) - (2.8) separately for a
sequence of increaéing distances d = 0,:.. » » between the equivalent skarp sur-
faces of the fragments.59

The maximization procedure of Eqs. (2.6) - (2.3) is performed separately
for each value of d and for each of 19 pairs of fﬁagments, for which the
experimental input data of Subsect. II.C are available. Figure 2 shows the
resulting upper bound Xmax of collective nontranslational plus internal
2xcitation enmergy of the system as a function of the heavy (H) and ligat (L)
fragment mass for a numder of separations d. Here we have allowed Xmax to
7ary independently from one fragment pair to the other. Tae results saow
thgt xmax is- roughly constantsa for all fragment pairs at a given separation d.

Figure 3 shows the average value imax weighted. over all 19 mass splits
with the yields Y

19

r

19
- ' X = & Y, x“m(i.)/ig1 Y. V)
With increasing separation d the resulting value of imax increases monotonically
tp to the experimental fragment excitation energy at a separation of d:= 5.3 fm.
The increase in imax is associated with decreasing deformation energy cf the
fragments, and a corresponding decrease in fragment deformation.

Even if we disregard very small separations d, where spheroidal fragment
shapes may be unrealistic, fig‘ 3 indicates rather low dissipation. At d = 1 fm,
for instance (where lessighan 1Z of the total mass is contained in the overlap
region), the upper bound is imux = 7 MeV. Taking ch%s as face value meins that

in passing through the (4 = 1 fm) configuration less than 20%Z of the experimental

16
total fragment excitation energy is available for iaternal and other non-

translational excitation. The internal excitation energy alone should -

even be smaller.

B. Accqracy
Uncertainties entet intc our calculation from both the experimental data
and the calculated potential energy. The accuracy of the results of Subsect.
I1.A has been examined by repeating the calculation with the following
modifications: '
(1) The unusually large radius parameter L 1.2249 fm of the Myers-

Swiatecki mass formulal‘l has been replaced by r. = 1.1 fm, which 13 closer to

electron scattering data.62‘63
(11) The other parameters a, and < of the liquid-drop energy have been
changed by 5% and the parameters C and c of the shell energy by 10%. (The accuracy
of the original liquid-drop parameter Eit40 is 1-2%.)
(111) Schematic secondary minima have been included in the deformation
energy of each fragment by adding an additional term that is 4 MeV deep,

centered at an axis ratio of 2:1, and is a quadratic function of the semi-

axis z of the fragment, i.e.,

2 2 2
4 mv[(———:—l/—3 - 1.6)°/0.15°- 1], 1.45 <5473 < 1.75. (3.2)
r
c c
46
(iv) The nuclear interaction energy VNI after Krappe and Nix, Eq. (2.27),
: 47-49
has been replaced by that of Bass, ! and

(v). has been discarded at all,—VNI = 0.
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(vi) The kinetlc energy data E:i:t of whetstone?l have been used :lnstead

»>f those of Schmitt, et al.so

(vii) The same replacement has been made for the yields Y, which eater
Into Eq. (3.1).

(viii) The fragment excitation energies E:xpt of Eq. (2.33) have been re-
evaluated using neutron data of Gavron and Fraenke1,56
(ix) and have been replgced by the excitation energies of Bowman, et al.57
It turned out that none of the above modifications changes the va‘ue of

xmax = 7 MeV by more Fhan 50%. Thus an upper bound of 10 MeV for the dissi-
pated plus nontranslational collective excitation energy in 252Cf(sff should
be rather firm within the framavork of the spheroidzl potential energy and the
experimental data of Subsects.II.B and IL.C.

Changes in Xmax that would result from taking .another (non-épheroidalf
shape parametrization, of course, cannot be predicted in advance. Inclusion
of additional parameters (like P3 deformations or the polarization of <he frag-
ment charge densities) would cartainly tend to increase xmax,.since it would
sncrease the parameter space of the minimization procedure. Such calcalations
would be rather time—cénsuming as the spheroidal computation scans already

ebout 19 x 50 x 50 x 10 ¥ 500,000 points in the (Al,Bl,Bz;d) parameter space.

*
= E ), is compatible with experi-

High dissipation, bowever {up to xmax expt

ment only if strange nuclear shapes are assumed. Ir the symmetric fission
252
of Cf, for instance, the hypothetical shape of Fig. 4 is required im crder
. B *
to simultaneously satisfy Eq. (2.7) and Xoax = Eexpt (even 1f 8§ = 0 and zer?
deformation energy of the neck is assumed). Shorter necks (d < 7.4 fmi. do
mot fit the experimental kinetlc energy in Eq. (2.7) unless one allows for

distortions of the spheres. Then the fragments have a certain amount >f deforma-

i
tion energy, and the dissipatiaé is not compleFe, Xuax < Eexpt'

»
- ww 2 - & = e SRR - M
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High dissipation has been obtained in a recent calculacionlo in conjunc-

tion with peculiar shapes at scission. It is interesting to note that this is

compatible with the results cf the present study, which does not rely on the
dynamical assumptions made in Ref. 10 {i.e., nearly 1rrotationa1_hydro—
dynamics, no shell effects, modified ope-body viscosity and the 'rupture'

of the neck). However, the fragment excitation energles éorresponding to
Ref. 10 are not known, and a decision 1if such peculiar shapes are close to

reality or not cannot be made on the basis of the existing fission data.
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C. Fragment Deformation
A?art from secondary minima (which are treatec below) the potentzal energy
V of Subsect. I1.B is a monotonic function of the fragmen: deformatiom B
v(z,4,8%) 2 v(z,4,8%)  1f 8® > g2 » 88T (3.3
Therefore, the energy “imits of the previous subsections imply certaim ldmits
for the deformations of the fragments at the beginning of their separaztion.
’ Considering each fragment separately, inequality (2.9) requires that the
deformation energy of each fragment (relative to its ground state defcrmation
:Bgst) is smaller than its experimental excitation energy, i.e.,
V(Z,A,8) - v(z,A,sgS‘)s.z:xpt(z,A) (3.4)
and, according to Eq. (3.3)
V(Z,A8) < V(Z,A,8, ) = a:xpt(z,A) +v(z,A,88%%), 3.5
The upper bounds for the deformations 8 of the single fragments ere
glven in Pig. 5 as a function of the . fragment mass number AF' .The'upper bound
Smax of Eq. (3.5) 1s independent of d. The figure shows that the heawy frag-
ments around the doubly maglc one (AH ='132) have to be aymost undeformed 1if
“heir kinetic and excitation energies are to be compatible with experiuent.
In a recent paper Wilkins, et al.,36 attribute a number of effects in
Zission to the occurrence of deformed (secéndary) shells in some fragments.
Our results give no evidence that the fragment deformations are aféectad by
secondary fragments shells. Ewven the inclusion of an artificial seconiary
oinimum in the potential energy of each fragment (by the aiditional tte:m
3.2)) leaves the results almost unchanged. The negligible influence of

gecondary fragment shells is in accordance with the earlier results of Dickmanc

end Dietrich?o
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D. Minimum Potential Energy Hypothesis

A number of calculatiosns dealing with a nucleus at scission is based on
the hypothesis that the deformation at scission is associated with minimum
potential energy in a certain parameter space that is restricted to scission-
type configurations. The hypothesis is usually advocated by assuming the change ’
in nuclear shape to be slow compared with the motion of the nucleons ("adiabatic
assumption") or by. taking the scissior: point to be a stationary point of the
potential énergy surface ("scission minimum").

In the present work wa do not employ the adiabatic assumption nor do our
results give evidence for a scission minimum. For comparison, however, we
have also considered the deformations and energies that would follow from

minimizing the potential energy of the scission configuration, 1.e.,

2
1£1 V(zZ,.A8)) + Vin:(zl,zz,Al,Az,Bl,Bz,d) = minimum. (3.6)

The deformationsﬁmi which follow from the minimum conditions

n. energy
3V/38i + avint/aei = 0 are almost independent of d because the derivatives
anc/aBi depend only weakly on 4 and V is independent of d.

Figure 5 shows these 3 values calculated after the éustomary condition of
minimum potential energy (3.6). We find that the deformations of minimum
energy are outside our bounds for all fragments with mass numbers AH between
126 and 146. The discrepancy 1s particularly large for the fragments around
the dqubly magic one with mass number AH = 132.

We have also plotted the B values of the loca: minimum (1f any) in the

'(81,82) plane that is caused by the ground-state shell effect of the heavy

fragment. This criterion has previously been used by Dickmann and Dietrich
(cf. Fig. 3b of Ref. 30). It can te seen that the 8 values associated with the’

shell effect in the heavy fragment gererally are in agreement with the limit
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Bmax' The local shell minima occur only in fragments with mass numbers AH
between 126 and 138, i.e., in the mass reglon with the largest discrépancies
between the deformations of minimum energy acd our bound Bmax' Therefore, '
the local shell minimum leads to a spectacular 1mprovemen; in deforma:-ion (cf.
Fig. 5). .Thus the fragmenzation in fission seems to be dztermined by the doutly

shell closure (2= 50, N=82) rather than by adiabatic nuclear motion Lkn the

vicinity of the scission point.

E. Ternary Fission
In a number of papers (cf. Refs. 64-66 and refs. givesn thérein) the tra-
Jjectories of long-range alpha particles (LRA) emicied in Eisstion have been
studied in order to ob:ain information about the fissioning nucleus a: the
beginning of the f;agme&t separation. Although there are large discrepancies
between various results of different groups, the agreemen: is satisfactory for

the center-to-center distances D resulting from such calculations (for a com-

pilation of LRA data see Ref. 64, Table XIV-3). Most analysesﬁl"65 oI LRA
data yield rather high values of D (around 25 fm).
A comparison with Fig. 6 shows that the LRA values of D = z, +1z,6+d are

1 "2

in accord with our fragment deformations only if we assume unreasonabLy large
fragment separationsofd = 5 Em or more. We therefore conclude that LRA fis—
sion ig different from ordiﬂa:y binary fission (without alpha emissiom):
Either the alpha particles are emitted only in (rare) fission events with par-
ticular elongation of the scission configuration or the alpha particles are
emitted after scission at some separation (viz. roughly d = 5 fm). - Similar
discrepancies between binary and ternary fission hn?e been noted earl-er by

sevetai authors.9'64’66
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IV. CONCLUSIONS

We have derived general inequaliries that relate the nuclear nontransla-
tional exc{tation energy at (and after) scission to the measured data for
fragment kineéic energies, neutron and y-ray emission. For spheroidal frag- -
ment sh;pes an upper bound of only imax = 7 MeV is determined for the vibra-
tional plus rotational collective plus internal excitation emergy in 252Cf(sf).
The uncertainties entering into that value from both the experimental data
and the potential energy are found to be less than 50%. According to that
the'energy available in the spontaneous fission of 252Cf (roughly 50 MeV, see
Fig. 3) is at most weakly dissipated. The assumptionA;f high or complete damp-
ing can be ruled out unless one allows for unreasonable fragment shapes (like
Fig. 4).

Upper bounds have also been obtained for the deformations of the fragments
(Fig. 5). The hypothesis ‘of minimum potential energy at scission is found to
disagree with our analysis for mass divisions close to the heavy fragment mass
A“ = 132. On the contrary, a decisive influence on the fragmentation from
the double shell closure (Z = 50, N = 82) in the heavy fragment is in accord
with our results. We find no evidence for effects from secondary fragment
shells.36

The authors are grateful to Drs. R. Bass, F. Dickmamn, F. Génnenwein,

J. J. Griffin, P. C. Lichtner and A. B. Volkov for helpful discussions and

correspondence.
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FIGURE CAPTIONS : :

gimplified example_for the evaluation of Egs. (2.6) - (2.9) 1n‘the
case of symmetric éiasion with only one deformation parameter B. The .

solid lines show the fragment deformation energy (Fig. la) and the

Coulomb repulsion Setween the fragments as (calculated) functions

of éhe fragment deformation B. The horizortal dashed lines give

the experimental values. The quantities resulting from the proéedure
described in the text are the upper bound xmax for internal exci-
tation and the upper bound Bmax for the fragment deformation.
Calculated upper bounds Xmax of the internal plus nontranslational
collective excitation energy per fragment pair at a number of separa-
tions d. Experimental data for E:xpt are taken frAm Refs. 17, 54,
55 (cf. Subsect. IE.C).

Calculated upper bound for the internal plus nontranslational col-

252

lective excitation energy in Cf(sf) ‘as a function of the separa=

tion d between the equivalent sharp density surfaces of the fragments.

The experimental mean fragment excitation energy B:xpt is determined

after Refs. 17, 50, 54, 55 as described in Subsect. II1.C. For com-—
parison‘che figure also shows the maximum (static) liquid ‘drop

energykl release at scission (here taken to be the energy of the .
lowest point on the scission line of Lawrence's shape parametriza-

;ionsl relative to its ground state).

Hypothetical nuclear shape required to make total dissipation

52

*
X = E ' compatible with the experimentel 2 Cf symmetric

max expt
figssion data (here shell effects are neglected). Complete dissipa-
tion can be ruled out for shorter necks or distorted fragments

as used in the present work.



Fig. 5:

Fig. 6:

28

Calculated fragment deformation B at scission as a function >f the
éragment wmass number AF. The curve 1abglled "mia. energy" is
determined from Eq. (3.6). The label shell minimum refers to the
local potential energy minimum that is caused by the ground-ztate
shell effect in the heavy fragment. The quartity Bmax 1s independent
of d, and 8

1s rather insensitive to d, as -discuszed
min. energy

in ‘the text.

1
wents. The values are calculated from Bmax of Fig. 5 accordfng to

Upper bounds for the lengths of the semi-axes z, + 22 of the frag-

Eq. (2.11).
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